The streamfunction and velocity potential variances associated with the Madden-Julian oscillation are explained substantially by their zonal wavenumber-1 components, which are used to measure quantitatively the phase relationship between the two variables. There exists a quarter-cycle phase difference between them. A simplified streamfunction budget equation was used to demonstrate analytically that this spatial quadrature relationship is maintained through the counteraction between streamfunction tendencies induced by the horizontal advection of planetary vorticity and the divergence of planetary vorticity flux.
Introduction
It was originally observed by Krishnamurti (1971) that the vorticity field of the tropical time mean 200-mb flow during the northern summer is almost out-of-phase with the divergence field. However, based on the vorticity budget, a spatial quadrature relationship should exist between the vorticity and divergence fields such that there is a balance between vorticity advection and the vorticity generation by divergence. Thus, previous studies suggested that the out-of-phase relationship between the vorticity and divergence fields of the summertime tropical flow may be attributed to cumulus friction (Holton and Colton 1972) , barotropic transientstationary interaction (Colton 1973) , and stationary nonlinear stretching (Sardeshmukh and Held 1984) . The Madden-Julian oscillation (MJO) is a pronounced intraseasonal tropical mode with a global scale. Can the divergence and vorticity of the MJO be related to each other and be maintained by dynamical processes like tropical stationary waves?
Using the linear theory of tropical waves developed by Matsuno (1966) , Hendon (1986) obtained the streamfunction and velocity potential solutions of the equatorially trapped Kelvin waves. For illustration, Hendon focused on the wavenumber-1 Kelvin wave, which he characterized as follows. (a) The velocity potential possesses a global meridional extent, while the stream-function changes its phase across the equator. (b) The streamfunction and velocity potential are spatially in quadrature. If the MJO is formed by the equatorially trapped Kelvin wave, the spatial structure and the phase relationship between the streamfunction and velocity potential of the MJO should be well depicted by Hendon's solution. Following Hendon's suggestion, Geisler and Pitcher (1988) found that a spatial quadrature relationship may exist between the streamfunction and velocity potential composites of the MJO simulated by Version Zero A of the Community Climate Model developed at the National Center for Atmospheric Research.
In spite of Geisler and Pitcher's study, the spatial relationship between the streamfunction and velocity potential of the MJO has not been quantitatively measured. Furthermore, the velocity potential of the eastward propagating MJO is dominated by a zonal wavenumber-1 structure. Does the accompanying eastward propagating MJO streamfunction possess a zonal wavenumber-1 structure, as well? Does it propagate coherently with the MJO velocity potential? In their extensive review of observational studies related to the MJO, Madden and Julian (1994) cautioned that the tropical Kelvin wave and MJO differ in many respects. Thus, the quadrature relationship between the streamfunction and velocity potential of the MJO may be maintained in a way different from those of the tropical Kelvin wave. For this reason, we analyze the streamfunction budget of the MJO to explore whether the quadrature relationship between the streamfunction and velocity potential of this intraseasonal mode is maintained as predicted by the vorticity budget. An effort is thus made in this study to examine two aspects of the MJO: (a) the quantitative spatial relationship between the MJO streamfunction and velocity potential, and (b) the maintenance of this spatial relationship through a streamfunction budget analysis. The data used in this study are the global 2.5Њ ϫ 2.5Њ 200-mb wind data generated by the Global Data Assimilation System of the National Meteorological Center (NMC) 1 for the past 14 years (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) . The analysis results are presented by the composite procedure of Knutson and Weickmann (1987) . In order to save space and to avoid redundancy, the reader is referred to Knutson and Weickmann, which is hereafter denoted as KW. The original time period of the MJO was thought to be 40-50 days (Madden and Julian 1971, 1972) , but numerous studies (e.g., KW) have broadened the period of this intraseasonal oscillation to cover a range of 30-60 days. Since the KW composite procedure is used in this study, we adopt the 30-60 day MJO period in our analysis. The MJO of any variable () is isolated by the 30-60 day first-order Butterworth bandpass filter (Murakami 1979) and is designated as .
()
Relationship between the streamfunction and velocity potential of the MJO
The determination of the spatial quadrature relationship between the global streamfunction and velocity potential anomalies of the MJO and by Geisler and Pitcher (1988) with composite charts is, in fact, not quantitative. Since this study shows that the basic patterns of the global and anomalies are zonal wavenumber-1, it is reasonable to measure quantitatively the spatial relationship between these two anomalies in terms of the zonal wavenumber-1 components of and . In order to further ascertain that this is a proper step to take in our analysis, we measure first (with the 15-year NMC data) the total variance for both extreme seasons of (200 mb) and (200 mb) as explained bỹ their zonal wavenumber-1 components [hereafter denoted by () 1 ]. The results averaged over 50ЊS-50ЊN are shown in Table 1 .
As shown in Table 1 , the zonal wavenumber-1 components contribute significantly to the total variance of the (200 mb) and (200 mb) anomalies within thẽ latitudinal zone between 50ЊS and 50ЊN. Thus, we are justified in using only this component for quantifying the spatial relationship between the streamfunction and velocity potential anomalies of the MJO. Furthermore, composite charts of and anomalies in Geisler and Pitcher (1988) show that these anomalies exhibit a large meridional extent. Based upon their latitudinal distributions (not shown), the maximum variance of 1 (200 mb) in northern winter (summer) is located at 22.5ЊN (22.5ЊN) and 25ЊS (22.5ЊS) and that of 1 (200 mb To obtain a global view of the MJO, we display in 
Streamfunction budget analysis
We shall explore the maintenance of the quadrature relationship between the streamfunction and velocity potential of the MJO in terms of the streamfunction budget analysis. Following Chen and Yen (1991) , we may write the zonal wavenumber-1 streamfunction budget equation for the MJO in the following form:
where V , V , and F are rotational and divergent wind vectors, vorticity, and Coriolis parameter, respectively. A1 (200 mb) and 1 (200 mb) are streamfunction tendencies induced by, respectively, the horizontal advec- Note that A1S contains 1 , which is determined bỹ 1 through ‫ץ‬ 1 /‫ץ‬x, and that 1S contains Ṽ 1 , which is˜ linked to 1 through ٌ 1 . The simplified streamfunction budget equation, that is, Eq. (2), can be used to illustrate the maintenance of 1 by virtue of the compensatioñ between A1S and 1S . Thus, any change induced in thẽ streamfunction tendency by vorticity advection will cause adjustment of the streamfunction tendency induced by the vorticity source, so that the counteraction between these two physical processes can be maintained. In turn, 1 should respond to changes in 1 through this counteraction. Conceivably, we may use the simplified streamfunction budget equation [Eq. (2) 
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The factor of e Ϫi/2 in Eq. (4) demonstrates the existence of a spatial quadrature relationship between the global 1 and 1 anomalies. However, we should bẽ aware of two constraints on Eq. (4). First, the factor of tan[(/2L)y] has its singularity at the poles. As reviewed by Madden and Julian (1994) , a number of studies have suggested that the MJO of higher latitudes may be stimulated by some mechanism (e.g., Legras and Ghil 1985) different from that of the lower latitudes. Since our analysis focused only on the latitudinal zone between 50ЊS and 50ЊN, the tan[(/2L)y] singularity does not detract from our results. Second, the simplified streamfunction budget equation, Eq. (4), corresponds to the simplified vorticity equation, which is often used to derive the frequency equation of the Rossby wave. The singularity of factor A would appear if the frequency equation of the Rossby wave is applied to this factor. Therefore, to use Eq. (4) to depict the relationship between 1 and 1 of the MJO, we need to exclude any wave disturbance that satisfies the frequency equation of the Rossby wave. Generally, the frequency of the traveling Rossby wave is higher than that of the MJO. Thus, the second constraint related to Eq. (4) should not constitute a practical limitation on our theoretical argument concerning the relationship between 1 and 1 .
Finally, a comment should be made regarding the maintenance of the relationship between 1 and 1 described by Eq. (4) in conjunction with the eastward propagation of the MJO. As inferred from Fig. 1 , the eastward propagation of the MJO is well depicted in the eastward propagation of 1 anomalies. According to Eq. (4), the 1 anomalies of the MJO should propagate eastward coherently with the 1 anomalies. On the other hand, it is indicated by the simplified streamfunction budget equation of the MJO, that is, Eq. (2), that the MJO 1 should be maintained in a counterbalance between two physical processes, A1S and , in accor-1S dance with the eastward propagation of 1 and 1 . Tõ substantiate this argument, we display in Fig. 4 
Summary and discussion
Since its discovery in the Tropics by Madden and Julian (1971, 1972) , the MJO has stimulated numerous research efforts during the past fifteen years. Among these studies, Geisler and Pitcher (1988) pointed out the possible existence of a spatial quadrature relationship between the streamfunction and velocity potential associated with the MJO. An effort was made in our study to quantitatively measure this spatial quadrature relationship and to explore the physical processes that maintain this phase relationship. Our findings are summarized as follows. (a) The velocity potential of the MJO is dominated by a zonal wavenumber-1 structure. Since it accompanies the eastward propagating MJO velocity potential, it is likely that the eastward propagating MJO streamfunction should exhibit a zonal wavenumber-1 structure as well. Based upon this simple notion, two things were quantitatively measured: 1) the total variance of the MJO's streamfunction and velocity potential as explained by the zonal wavenumber-1 component, and 2) the phases of this wave component over the life cycle of the MJO. It was found that the MJO's streamfunction and velocity potential are dominated by the zonal wavenumber-1 component and are more or less spatially in quadrature as they propagate coherently eastward. (b) Judging from the magnitude of each term in our diagnostic computation, we were able to simplify the streamfunction budget equation associated with the MJO. The simplified streamfunction budget provides a link between the streamfunction and velocity potential through the counteraction between streamfunction tendencies induced by the horizontal advection of planetary vorticity and divergence of divergent planetary vorticity flux. Representing the zonal wavenumber-1 streamfunction and velocity potential obtained in our analysis with simple sinusoidal forms, we were able to demonstrate analytically the spatial quadrature relationship in terms of the simplified streamfunction budget equation.
As reviewed by Madden and Julian (1994) , numerous observational studies suggested that the origin and development of the MJO may result from the interaction between cumulus convection and large-scale tropical circulation. In the last decade, several possible mechanisms have been proposed to be responsible for this interaction. They may be classified as follows: (a) the evaporation-wind interaction (Emanuel 1987; Neelin et al. 1987) , (b) the mobile wave-CISK interaction (Lau and Peng 1987; Sui and Lau 1989) , and (c) the convection-frictional convergence interaction (Wang 1988; Wang and Rui 1990) . For the first mechanism, without any tropical wave, a slowly eastward propagating Walker-type circulation can be induced by the asymmetric heating maintained by the east-west differential evaporation. For the second mechanism, the origin of the tropical intraseasonal mode is attributed to the coupling between convective heating and the equatorial Kelvin wave. The frictional convergence of the third mechanism is generated by the boundary layer dynamics so that both the equatorial Kelvin and Rossby waves are involved in the interaction with convective heating.
A slow intraseasonal mode with a period of about 50 days generated by Sui and Lau (1989) in terms of the mobile wave-CISK mechanism possesses a wavenumber-1 mass flux function on the zonal cross section at the equator. However, a Kelvin wave-like packet around the upward branch of the mass flux function is embedded in a wavenumber-1 surface pressure perturbation and the low-level wind vectors. The horizontal structure of the MJO depicted with 1 (200 mb) (Fig. 2) is characterized by twin cyclones and anticyclones on each side of the equator that do not appear in Sui and Lau's intraseasonal mode. Incorporating the convection-frictional divergence interaction mechanism, Wang and Li (1994) were able to reproduce, at least qualitatively, the observed structure of 1 (200 mb), perhaps due to thẽ inclusion of both Rossby and Kelvin waves. Nevertheless, judging by the sequential maps of the low-level geopotential perturbation, it takes Wang and Li's intraseasonal mode less than 30 days to travel one circle around the globe. The Betts-Miller moist convective adjustment parameterization (Betts 1986; Betts and Miller 1986 ) was adopted by Neelin and his associate Yu and Neelin 1994) to deal with the interaction between cumulus convection and large-scale circulation. They showed that no CISK of any scale exists under moist convective adjustment, but a Kelvin mode (with a period of about 33 days) in close resemblance to the observed MJO was identified. A quadrature relationship appears between pressure velocity and zonal wind of this mode's wavenumber-1 component on a zonal cross section (Figs. 8a,d of Yu and Neelin 1994) . This quadrature relationship is consistent with that between 1 (200 mb) and 1 (200 mb) in Fig. 2 .
The MJO portrayed in this study is characterized by a phase speed of about 10 m s Ϫ1 (ϳ 45 days to travel one circle of the globe), the dominance of a wavenumber-1 pattern, and a quadrature relationship between (200 mb) and (200 mb). In view of our discussioñ above, these observed MJO characteristics may not be met by the model intraseasonal mode generated with the three proposed interaction mechanisms. It has been argued by previous theoretical studies that the model MJO is primarily determined by the interaction between cumulus convection and large-scale tropical motion. Thus, the discrepancy between the characteristics of the observed and model MJO suggests that we still need to 1 MARCH 1997 
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reexamine the following two questions. 1) What are the basic large-scale tropical waves constituting the MJO? 2) What may be a realistic interaction between cumulus convection and those large-scale tropical wave motions found in question 1?
